Abstract-A new compact reconfigurable frequency measurement device, based on interferometry is presented in this letter. The device combines the advantages of reconfigurability and fractal geometry. The interferometer uses a Wilkinson power divider connected to two microstrip delay lines; one of these corresponds to the second iteration of the Hilbert fractal curve. PIN diode switches are properly placed in the fractal delay line to achieve a 3-bit circuit, which operates in the 2.7-4.5-GHz range. The design and simulations presented are done using a full-wave electromagnetic simulator, and the frequency responses of the circuit are then shown and compared to measured results.
I. INTRODUCTION

I
NSTANTANEOUS frequency measurement (IFM) subsystems are used to determinate instantly unknown frequencies in a given environment, without the need of spectrum scanning. These systems are widely used in electronic warfare, radars, and electronic intelligence systems. However, frequency measurement can also be used for Earth's climate supervision, health monitoring, determining chemical properties, among other applications [1] . The IFM works as several parallel interferometer structures based on delay lines, where the delayed signals are combined in order to create a pattern of interference curves. An RF detector maps the RF power of the interferometer output into a dc voltage, followed by the A/D stage, which converts this analog result into a digital bit. Each interferometer provides one bit for frequency identification, if a threshold level for the A/D conversion is properly chosen, then the digital output will be a set of n bits that classifies the input frequency in one of the 2 n available subbands. The frequency resolution of an IFM depends on the length of the delay lines and the number of interferometers in a given design, operating at a predefined bandwidth. Thus, to achieve high resolution, it is necessary to increase the dimensions of the frequency measurement device.
To overcome this problem, a reconfigurable frequency discriminator (RFM) is proposed in [3] . The RFM uses four different delay lines, selected using two SP4T diode-switching circuits. In this case, the interferometer is a two-port device that only needs one amplifier and detector, resulting in a compact system with low power consumption [1] . Although the RFM does not identify the unknown frequency instantaneously since it should switch between its different delay lines before providing the digital word used for frequency identification.
In [4] and [5] , another technique to miniaturize IFM systems using delay lines based on fractal geometry is described, where four interferometers using the four first iterations of the Hilbert fractal curve are used. Apart from being simple and self-similar, these curves have the additional property of approximately filling the same area. Unlike [2] , [3] , in this letter, all interferometers of the device have the same total area.
In this letter, an RFM using the second iteration of the Hilbert fractal curve is used to create an even more compact device, combining the reconfigurability, and space filling advantages observed in [3] - [5] , respectively. The compact planar device presented here is the first implementation of a fractal based, fixed size, reconfigurable interferometer for frequency measurement.
The proposed interferometer uses two-way Wilkinson power dividers connected to two microstrip lines with different delay lines. One of those lines is a simple straight line, and the other one is the Hilbert second iteration. The diode switches are properly placed in the fractal delay line to achieve a 3-bit RFM.
II. RFM FRACTAL DESIGN
Two power dividers, switches, and delay lines form the RFM. Each line (l 0 , l 1 , l 2 , and l 3 ) provides different delay times (τ n ) to the signal. The delay of the reference line (τ 0 ) is the same for the three states of the RFM. The first, second, and third states are produced when l 1 , l 2 , and l 3 are selected, respectively. Considering a sinusoidal input signal, the resulting combined signal for a given state is obtained by the following equation:
1531-1309 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. At times t 0 , t 1 , and t 2 , the three combined signals have a phase θ 01 (τ 0 ,τ 1 ), θ 02 (τ 0 , τ 2 ), and θ 03 (τ 0 , τ 3 ), respectively [3] . Fig. 1(a) shows the proposed RFM. The RFM interferometer structure is formed by two lines connected to the modified Wilkinson power divider [4] . One of the outputs from the power divider is connected to the reference line, with a length (l 0 , τ 0 = 0.19 ns) of 30.4 mm, arbitrarily chosen, and the other is connected to the second iteration of the Hilbert Fractal. Fig. 1(b) shows the three different delay line paths embedded in the fractal structure.
The characteristic impedance of each divider branch and impedance transformer is 122 and 110 , respectively. The impedance transformer is connected to 50-ports. The width of the delay lines is 0.4 mm and the resistor value is 220 . The RFM is designed and simulated considering a microstrip line using FR-4 dielectric, with εr = 4.3, tan δ = 0.025, and h = 1.6 mm. Fig. 2 shows the fractal RFM fabricated device.
Diodes, namely, D 1 through D 9 [see Fig. 1(a) ], select the signal path in the fractal delay line structure such that three states with different lengths are obtained, namely, l 1 , l 2 , and l 3 [see Fig. 1(b) ]. These lengths are optimized to achieve the desired interference curves shown in Fig. 3 . The feed lines, namely, F 1 through F 7 [see Fig. 1(a) ], are connected to the fractal delay line through choke inductors. Table I shows the diode bias required for each diode to select the different delay lines and the applied voltage to achieve diode bias.
The capacitors act as dc blocks: C 1 isolates the vector network analyzer (VNA) from the dc power, and C 2 isolates D 1 , D 2 , and D 3 in order to obtain the diode bias described in Table I. For simplicity, the second iteration of Hilbert's curve was chosen to design the proposed RFM; however, an increased system resolution can be obtained using higher iterations of the Hilbert fractal curve.
III. RESULTS AND DISCUSSION
This section presents the measured and simulated results for the three RFM states. A full-wave electromagnetic simulator is used to carry out the simulations. The PIN diode equivalent circuits used in simulations are defined as a series RL, R = 6.65 and L = 399.58 pH, for forward bias, and a series RC, R = 187.33 and C = 956 pF, for reverse bias. To obtain these equivalent circuits, the RLC models were extracted by fitting the insertion loss and isolation curves found in the device datasheet with the RLC models. The PIN diode and choke inductor commercial models are BAR 50-02V by Infineon Technologies and MLG1005S12NJT000 by TDK, respectively. The inductor self-resonant frequency is 3 GHz.
An optimizer was used to find the best values for the delay lines: l 1 = 78.9 mm, l 2 = l 1 + 88.62 = 167.7 mm, and l 3 = l 2 + 97.54 = 265.2 mm. The delay times in nanoseconds for l 1 , l 2 , and l 3 are approximately τ 1 = 0.45, τ 2 = 0.96, and τ 3 = 1.53. Dimensions of the complete device are as small as 53 mm × 39 mm. The time delay difference between the reference line and l 1 is 27.56 ns, therefore, the RFM frequency range is 1.8 GHz [6] . The chosen threshold level in the simulations for bits 1, 2, and 3 is −4.5, −7, and −6 dB, respectively. The threshold levels are chosen to obtain an optimum bit transition using simple postprocessing techniques at the A/D conversion stage. Fig. 2 shows the fabricated device. The bias lines from dc source to the choke inductor are not part of the RFM. A 4-V dc (V cc ) external source connected to a 1-K resistor provides a current of approximately 3 mA to the diodes. The RFM circuit is measured using an Agilent E5071B VNA, calibrated using the short-open-load-thru method from 2.4 to 5 GHz. Fig. 3 shows the simulated and measured results for the three RFM states. Each state provides a bit for frequency identification. If the magnitude of S21 is below the threshold level, the state output provides bit 0, otherwise, the state output will provide bit 1. The first and third states provide the least significant bit and the most significant bit, respectively. After switching through the three states, the RFM presents a 3-bit binary word, which identifies the band of the unknown received signal. Table II shows the digital words for the simulated and measured results. By analyzing the theoretical results, it is expected that the RFM can identify eight subbands with 225-MHz resolution. The simulated results for the three states presented a frequency shift compared to theoretical results, and the subbands do not have the same bandwidth. However, the RFM system still can identify eight different subbands.
The measured results also presented frequency shifts compared to the simulations. The shifts were 0.5, 0.12, and 0.2 GHz, for states 1, 2, and 3, respectively. To avoid these shifts, a thorough characterization of the diodes can be made to obtain accurate models. The characterization takes into account how the diode behaves in the circuit. Another possible reason for the shifts is due to the physical size of the SMD devices. In the simulator, the components are designed as an infinitesimal line. Thus, these devices along with the solder may introduce parasitics.
Despite these frequency shifts, by adjusting the threshold level of each bit in the measured results, eight different subbands can be identified, as shown in Table II . The threshold levels used for measured states 1, 2, and 3 are −7, −7, and −7.2 dB, respectively. Thereby, even considering subbands with different bandwidths, the RFM could identify signals in the 2.7-4.5-GHz frequency range without ambiguity.
IV. CONCLUSION
This letter describes the development of a new compact reconfigurable interferometer based on the second iteration of Hilbert's fractal, used to achieve the desired delay for frequency identification. The design switches between three delay lines, which are combined with the same reference line to obtain three discriminator states. The proposed design is a two-port device with dimensions as small as 53 mm × 39 mm. The simulated and measured results have frequency shifts compared to the theoretical expected results; however, the proposed RFM could identify eight different subbands in a range from 2.7 to 4.5 GHz without ambiguity, using a fixed size interferometer structure.
